We explore the possibility of a quantum directional coupler based on -shaped coupled electron waveguides with smooth boundaries. By calculating the transmission spectra, we propose an optimized coupler structure with a high directivity and fine uniformity. The coupler specifications, directivity, uniformity, and coupling coefficient are evaluated.
Since the quantized conductance of quantum point contacts was first discovered experimentally by Wharam et al [1] and van Wees et al [2] , there have been many studies of ballistic transport in quantum waveguides with various configurations by both theoretical and experimental researchers [3] . Inspired by the prospect of building devices based on the quantum interference effect, many authors have proposed various structures which start from highmobility modulation-doped AlGaAs/GaAs heterostructures. The quantum transistor based on a T-shaped electron waveguide proposed by Sols et al [4] has been fabricated recently [5] .
Electron waveguide couplers were first proposed by Alamo et al [6] and Eugster et al [7] . The structure consists of two infinitely long wires coupled by a potential barrier. In such device, the transfer length at which a complete switch of the electron wave from one wire to another occurs is found to be of the same order as the electron phase coherent length [9] . Macucci et al also investigate 1D-to-1D tunnelling in coupled electron waveguides [8] . Recently, Vanbésien et al [10, 11] proposed a structure for a quantum directional coupler. The structure consists of two electron waveguides coupled by an open interaction window instead of a tunnelling barrier. However, the quantum interference effect in such a device structure is found to be sensitive to the electron momentum and therefore the device performance would be unstable due to fluctuation in the pertinent parameters.
In this letter, we propose a new quantum directional coupler based on -shaped coupled electron waveguides, as schematically illustrated in figure 1 . The coupler consists of a straight quantum wire and a -shaped waveguide structure with rounded corners.
The two electron waveguides are coupled to each other through a tunnelling barrier. The device structure which starts from highmobility modulation-doped AlGaAs/GaAs heterostructures can be fabricated by making Schottky gates on a twodimensional electron gas [5] . There are four ports in this device, labelled I, II, III and IV respectively. All four ports are of the same width, W . The other four structure parameters of the directional coupler are as follows; the length L and width D of the tunnelling barrier, the radius R of the rounded corners and the barrier height V . For convenience, we set R = W . In experiment, typical values of the port width W and the Fermi energy E F are 100 nm and 5 meV, respectively. With the exception the coupling region, the device boundaries are defined by the hard-walls potentials which were found to be a good approximation in the single-mode regime [12] . Here, we concentrate on the single-mode regime because the device operation in the fundamental transverse mode is believed to be important for applications [4] .
We make use of the scattering-matrix method [13] to perform the numerical simulation. For a particular structure, the scattering amplitudes are completely determined by its overall scattering matrix. To obtain the overall scattering matrix for the structure as illustrated in figure 1 , we shall first divide the device structure into a number of units. For each unit the scattering matrix is derived by the mode-matching technique. Then the overall scattering matrix is constructed by the composition of the scattering matrices associated with each unit. Once the overall scattering matrix is obtained, all of the scattering properties can be readily calculated.
The device performance is denoted by the coupler specifications, directivity, uniformity and coupling coefficient. They are defined as follows;
D(dB) = 10 log T I V /T I I I
(1)
where T I I , T I I I and T I V are the transmission coefficients at ports II, III, and IV of the structure respectively. By adjusting these parameters we expect to obtain the best device performance, i.e., the highest directivity and best uniformity. The coupling coefficient denotes the efficiency of the electron transfer in the device. For the device structure we obtain the following optimized parameters; L = 3W , D = 0.2W and V = 2E 1 , where E 1 is the first energy threshold in the terminals.
In figure 2 , the transmission spectra and the coupler specifications (directivity and uniformity) are plotted against the electron momentum. As the reflection in input opposite port I is much too small for such structure the resulting opposite coupling effect is very weak, therefore the transmission for port III is also found to be much too small (not shown in the results). Correspondingly, a high directivity is obtained (D > 15 dB as 1.3 < kW/π < 1.5). In addition the transmission coefficients for ports IV and II are found to be very close to each other and the uniformity is found to be very close to the optimum value 0 dB (|U | < 1 dB as 1.3 < kW/π < 1.5). In fact, we obtain an excellent device performance within a very wide range of electron momentum. In order to investigate the stability of the device performance, we also calculated the device specifications versus the coupling parameters. It is found that they are not sensitive to fluctuation in the coupling parameters.
In order to study the efficiency of the electron transfer in such a device, we have performed the numerical simulation for a longer coupling channel (L = 5W ). For a directional coupler, the length-scale characteristic of a complete switch of the electron wave from one channel to another is defined as the transfer length [9] . The shorter the transfer length the more efficient is the coupler. From the result shown in figure 3 , the coupling coefficient is found very close 0 dB as 1.1 < kW/π < 1.5, i.e. a nearly complete switch of the electron wave is achieved in this structure. Therefore, the electron transfer in such a device structure is more efficient than the structures previously proposed by Alamo et al [6, 7] . Because of a nearly complete electron transfer to port IV, the directivity is found to be very high (above 15 dB).
In summary, we have examined an optimized coupled electron waveguide structure for a quantum directional coupler. The calculated coupler performance for the idealized structure compares favourably with previously proposed couplers. Our numerical simulation shows that uniform output and high directivity can be obtained in the optimized structure within a wide range of electron momentum. Although a real device structure would be more complicated than the models adopted in this paper, the numerical simulation provides some fundamental properties of quantum directional couplers. This work was supported by the Chinese National Science Foundation.
